Here we demonstrate a new generation of photonic pupil-remapping devices which build upon the interferometric framework developed for the Dragonfly instrument: a high contrast waveguide-based device which recovers robust complex visibility observables. New generation Dragonfly devices overcome problems caused by interference from unguided light and low throughput, promising unprecedented on-sky performance. Closure phase measurement scatter of only ~0.2° has been achieved, with waveguide throughputs of > 70%. This translates to a maximum contrast-ratio sensitivity (between the host star and its orbiting planet) at 1λ /D (1σ detection) of 5.3x10
INTRODUCTION
Ever since the beginning of the modern era of extra-solar planet discovery [1] , the detection and characterisation of exoplanets has been one of the most active areas in contemporary astronomy. Precise observations of exo-planetary systems promise to reveal the underlying physical mechanisms by which planetary systems -such as our own solar system -were formed, and estimate the ubiquity and diversity of earth-like planets in the galaxy. The vast majority of exo-planets detected thus far have been via techniques such as transits (wherein the light of the host star is observed to dim as the planet passes across it) or radial velocity (wherein the motion of the host star caused by the pull from its orbiting planets is detected via doppler shift) [2] . While these techniques have been very successful in detecting and measuring a large number of exoplanets, they are limited to a restricted parameter space (for example, there are heavy observational biases favoring large planets and close orbits).
A key goal in current exoplanetary astronomy is a proper understanding of the mechanisms by which planetary systems are formed and evolve. The formation of a planetary system requires the growth of dust particles through at least 12 orders of magnitude, from sub-micron scale dust grains to planets thousands of kilometres in size -but the mechanisms behind this process are not yet properly understood [3] . While many questions remain regarding the growth mechanism from dust grains to planetary cores, one outstanding question is that of how these planetesimals then go on to form either Earth-like planets or giant, gaseous planets. The outcome of the planetary formation process seems to depend on whether the cores are located inside or outside the 'snow line' -the radius from the star beyond which low temperatures allow ices to condense from gas. Cores within this radius become terrestrial-type planets, but those beyond the snow-line are believed to become gas giants. The key to understanding these processes is to have a proper understanding of the frequency of planets as a function of their mass and separation [4] . To achieve this, the entire parameter space of planetary systems ideally needs to be sampled. However detection techniques each have their own biases and limitations in this regard (e.g. [5] [6] [7] ).
Direct imaging of exoplanets -wherein the star and nearby planet are separately resolved at an image plane -promises to provide critical answers to these questions of planetary formation and evolution. This technique has already begun to constrain the frequency of giant planets; null results from direct imaging surveys have set an upper limit on the fraction of stars having young planets with masses above 4 M Jupiter at separations between 20 and 100 AU as being 20% or less [8] . Direct imaging at multiple epochs allows the orbital parameters (and hence mass) to be directly determined. It also allows the possibility of spectroscopic observations of planetary atmospheres, a major goal in exoplanetary science. However the few exoplanets imaged thus far have been limited to wide apparent separations [9] due to the challenging nature of high contrast measurement at very small spatial scales. Coronagraphs fed by AO systems represent the most developed class of high contrast imaging techniques, and although they have demonstrated exceptionally high contrast at large separation, performance is more limited at spatial scales of order 1λ/D (corresponding to the Earth-Sun separation at a distance of ∼30 parsecs), even with the most advanced refinements [10] . To some extent this problem of the most productive search space lying within the so-called inner working angle of the coronagraph is inherent to the basic design of the instrument, and in practice is compounded by residual phase-aberrations present in the imaging system (largely from imperfect AO correction).
But this inner region is of critical importance to understanding planetary formation -it encompasses inner solar-system scales and that around the snow-line, and is the region of critical interactions between dust populations and protoplanetary bodies [3] . Additionally, this parameter space overlaps significantly with existing transit and radial-velocity planet detections, allowing these known planetary systems to be targeted and have their orbital parameters measured.
The Dragonfly Instrument
To address these limitations, the concept of a pupil-remapping interferometer was born [11, 12] . Instead of using an aperture mask, the pupil of the telescope is divided into a number of segments, and each segment is injected into a single-mode fiber or waveguide. These then coherently remap the 2-dimensional pupil into a linear array, which then forms a 1-dimensional interference pattern. This accomplishes several things. First, while the output arrangement of fibers or waveguides needs to be non-redundant, the input arrangement does not, therefore allowing the entire pupil to be sampled, resulting in overall throughputs that at least in principle approach 100%. Alternatively, the 1-dimensional output array is now suitable to feed a lithographic photonic beam combiner [13] . Complete sampling of the pupil also provides much better Fourier coverage than an aperture mask. Second, since the light guides are single-moded, any phase-variation across a single 'sub-aperture' is removed; it is spatially filtered. This means that the assumption of a single phase for each sub-aperture is now valid, and the criterion for closure phases will strictly apply. Thirdly, since the output array is 1 dimensional, spectrally dispersing the output becomes trivial and a low resolution dispersing element (such as a prism) allows the bandwidth limitations of aperture masking to be overcome. This principle was demonstrated on-sky in an earlier prototype [11] , wherein the entire astronomical J and H bands (∼ 1.0 to 1.8 µm) were simultaneously observed, with each spectral channel having a bandwidth of ∼30 nm.
However, this technique introduces a new stringent requirement: since the light in all waveguides must remain coherent in order to form the interference pattern, the optical path-lengths of each of the fibers/waveguides must be precisely matched. For typical astronomical spectral channel widths (∼ 50 nm at λ = 1.5 µm), this means path lengths must all be matched to within a few microns. For an optical fiber based remapper (such as in the FIRST instrument [12] ), this is a challenging tolerance since not only must the physical lengths of all fibers (and accompanying connectors) be precisely matched, but also any strain or temperature differences between the fibers must be carefully managed to avoid varying optical path lengths.
The Dragonfly instrument uses an alternative technique -the pupil is remapped using a monolithic photonic pupilremapping chip. Here, a set of waveguides is inscribed into a single block of glass using the femtosecond laser directwrite technique [14] [15] [16] . In addition to the interferometric application described here, this technique is also being used in the development of diffraction-limited astronomical spectrographs [17, 18] . By focusing a femtosecond laser into a block of glass (causing a local, permanent refractive index change), and translating the glass in three dimensions, an arbitrary set of waveguide trajectories can be sculpted. The key advantage here is that since the routing of the waveguides can be precisely specified, path-length matching is relatively straightforward. Moreover, since the device is embedded within a single, monolithic block, differential strain or temperature changes between waveguides are eliminated. This photonic chip (referred to henceforth simply as the 'pupil remapper') is integrated into the larger Dragonfly instrument, which provides beam handling, injection optimisation and detection.
This technique was demonstrated on-sky with the Dragonfly instrument in 2011 [11] , and while this validated the photonic pupil remapper concept, levels of performance were insufficient to be competitive in astronomical research (particularly closure-phase precision and throughput). Subsequent refinements have produced a new generation of pupil remappers, which address these concerns and provide performance levels approaching ideal. These improvements, which promise a fully science-ready instrument in the next generation, are the subject of this paper.
EXPERIMENTAL SETUP
The optical testbed is shown in Fig. 1 . Light from a super-luminescent diode (λ = 1550 nm, bandwidth FWHM = 50 nm) was propagated via a single-mode fiber to an off-axis parabolic collimator, from which the beam passes through the laser-cut aperture mask before being directed onto a MEMS segmented deformable mirror. The pupil-plane mask is reimaged onto the MEMS by the relay optics. The MEMS, manufactured by IrisAO, consists of 37 hexagonal segments, each of which can be precisely controlled in tip, tilt and piston (to a precision of ~ 0.01 milliradians). The mask ensures that only segments corresponding to the 8 waveguides in the prototype device (or fewer, if the experiment requires it) are illuminated. The reflected beam is then re-imaged by beam-reducing optics onto a hexagonal microlens array (MLA) with 30µm pitch, such that there is a one-to-one correspondence between MEMS mirror segments and individual MLA lenslets. This in turn is matched one-to-one with the injection points of the array of waveguides on the input-face of the photonic chip, such that each MLA lens injects the light from a single MEMS mirror segment into a single waveguide, with a matched numerical aperture. Light then propagates to the output end-face of the chip via the waveguides, whereupon each is re-collimated by another matched microlens array (with 250 µm pitch). The set of collimated beams are then all focused onto an infrared array detector (Xenics Xeva InGaAs camera) forming an interference pattern. The two microlens arrays and the remapper chip are each mounted on 5-axis translation stages to allow precise (~ 1 µm) alignment, and injection for each waveguide individually optimised by steering the tip and tilt of the corresponding MEMS segment under computer control. The experimental aim is to measure the performance of the Dragonfly instrument, with the primary metric being closure phase precision, when subjected to phase errors typical of the Earth's turbulent atmosphere. First, a set of three waveguides are selected which form a non-redundant array at the chip's output face. For example, if the 1st, 3rd and 7th waveguides were chosen then this would form baselines of length 2, 4 and 6 units. Remaining waveguides are 'switched off' by steering the appropriate MEMS mirror segment, preventing light from coupling at the waveguide input. The effect of atmospheric seeing was quantified by varying the input wavefront phase using piston introduced at the corresponding MEMS mirror segment, then recording the effect on the interference pattern (ideal performance would imply the closure phase remains constant regardless of phase errors introduced at the input). The quantitative behavior of closure phases extracted from each interference pattern, in particular their variation as a function of input wavefront phase error, allows the inherent measurement stability of the instrument to be measured and extrapolated to on-sky performance.
NEW GENERATION PUPIL-REMAPPERS

Eliminating Stray Light
Light which is focused onto a waveguide by an individual microlens, but which does not couple into the waveguide, continues to propagate through the glass substrate in a cone corresponding to the numerical aperture of the focusing microlens -see Fig. 2 (a). This light interferes with the guided light from the waveguides, compromising closure phase measurements. A solution is to move the outputs of the waveguides outside of this cone of unguided stray light, as illustrated in Fig. 2(b) , so that it no longer enters the downstream optics. This technique was previously attempted, however the small bend radii required to execute the side-ways step led to extremely high bend losses, with waveguide throughputs as low as 0.6% and not viable for astronomical science. 3 .
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Coupling into circled waveguides is very low due to mechanical fault with MEMS at time of measurement.
These bend losses have been essentially eliminated with the new generation of chips fabricated using a thermal annealing process to optimise the refractive index profile of the waveguides [19] . In this refinement to the original direct-write technique, the original waveguides are inscribed with higher pulse energy, resulting in larger core guides (multimode at our wavelength). The device is then subject to a thermal annealing process, wherein the device is raised to a temperature above the substrate's annealing point, (but below its softening point) and then cooled adiabatically, both at precisely controlled rates. This has the effect of washing out a fraction of the refractive index modification in the originally inscribed waveguides, in particular removing unwanted structures in the periphery and leaving behind a single-mode waveguide with an optimised refractive index profile. Such annealed waveguides are now highly resistant to bend loss for two main reasons. Firstly, the core region of the waveguide has a higher refractive-index contrast due to the higher pulse energies during inscription. Secondly, the index profile of the resulting waveguide consists only of a Gaussian-like core, a geometry known to exhibit low losses during bends [19] .
The annealing technique allowed the production of remapper chips with routing designed to avoid the impact of unguided light, such as the 'side-step' design mentioned above, while still maintaining excellent throughput. Additionally, a '90 degree bend' design was created, which placed the inputs and outputs of the waveguides on adjacent orthogonal faces of the chip -see Fig. 2 (c).
As seen in Fig. 3 , the amount of unguided light visible at the end-face of the chip, together with the error due to stray light interference, was greatly reduced in the new chips. Figure 3 . Images of the output face of three chip designs, at various camera exposure times. The exposure time for the first (left-most) image was set such that the waveguides them-selves just saturate. It is seen that the new-generation chips exhibit far less unguided light at the output face. Note that at the exposure levels needed to see any stray light for the new chips (right panels), the background light levels for the original chip saturate the detector.
Throughput Maximisation of Remapper Waveguides
The throughputs for the new devices, along with those of the original device, are given in Fig. 4 . In panel (a) it is seen that while the old-generation side-step design suffered from very low throughputs, the new-generation side-step chip has throughputs approaching the maximum possible values set by material absorption. Moreover, the throughputs for the new-generation side-step chip exceed those of the old-generation straight-through chip. This design provides mitigation of the aforementioned unguided-light issue while maintaining high throughputs across all waveguides. Waveguides in the annealed chips show negligible bend-losses for radii of curvature as tight as 20 mm [19] . In all these designs, in both generations, the minimum bend radius was limited to 25 mm. 
New Glass Platform -Schott AF45
As outlined in the previous section, Corning Eagle2000 glass used as substrate for the pupil remappers suffers from intrinsic absorption losses that limit the maximum attainable throughput of our devices to 75-80% depending on their length. The bulk absorption arising from a Fe 2+ contamination of the glass results in a strong and broadband absorption centered at 1100 nm with its tail extending beyond 1550 nm. Therefore, for perfect waveguides in absence of scattering the propagation losses are limited to a minimum of 0.27 dB/cm [20] . An alternative to the boro-aluminosilicate glass Eagle2000 is the aluminoborosilicate Schott AF45. AF45 is well compatible with the femtosecond laser direct-write process [20] [21] [22] . However, in contrast to Eagle2000, it has no iron absorption. In fact, using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), a three times higher iron contamination was found in Eagle2000 than in AF45 [20] . It should be noted, that iron can also exist in a trivalent redox state (Fe 3+ ) in the glass, which has its main absorption in the UV region but no strong absorption bands in the near-infrared wavelength range of interest [23] . The absence of Fe 2+ induced absorption means that the intrinsic losses in AF45 are well below 0.1 dB/cm at 1550 nm.
A detailed parameter scan was conducted in order to find the waveguide fabrication parameters that yield a circular mode as well as parameters where the waveguide properties show the least dependence on the pulse energy. The latter is important for the reproducibility so that slight drifts in the laser performance (spectrum, pulse duration and beam profile) from day to day have the least influence on the waveguide performance. For the parameter scan, 4 different sample translation speeds of 250, 500, 750 and 1000 mm/min were chosen, while the pulse energy was varied from 30 to 120 nJ in 5 nJ steps. After inscription the sample was annealed at 685 °C in order to simplify the refractive index profiles similar to the Eagle2000 remappers [19] . The results of the parameter scan are summarized in Figure 5 . Single-mode Pulse Energy [nJ] operation of the inscribed waveguides at a wavelength of 1550 nm was observed for pulse energies of 45 to 90 nJ at 1000 mm/min, 45 to 95 nJ at 750 mm/min, 35 to 95 nJ at 500 mm/min translation speed as well as 40 to 110 nJ at 250 mm/min translation speed. For the tested translation speeds, a parameter range with nearly perfectly circular nearfield profiles was identified at 250 mm/min and a pulse energy of approximately 60 nJ. In contrast, for a translation speed of 500 mm/min, waveguides with nearly pulse energy independent near-field profiles were found around 85 nJ. However, these waveguides exhibit slightly worse mode circularity. Both parameter ranges are highlighted in Figure 5 . In correspondence with the two identified parameter regimes, side-step pupil remappers were fabricated with 250 mm/min translation speed and 57.5 nJ pulse energy as well as 500 mm/min translation speed and 85 nJ pulse energy. The near-field profiles of the inscribed waveguides are shown in Figure 6 . As identified in the parameter scan, the low pulse energy waveguides feature a mode with excellent circularity. The 4σ mode-field diameter is 7.2×7.9 µm along the horizontal and vertical direction, respectively. Using the larger pulse energy of 85 nJ and 500 mm/min translation speed resulted in waveguides with a mode-field diameter of 7.4×8.7 µm. For both inscription parameter sets, the near-field profiles are significantly smaller than of a standard single-mode optical fiber (Corning SMF-28e) and therefore low bend losses due to the tight confinement can be expected. Optical microscope images of the waveguide end-faces with the inscription laser being incident from the top are shown in Fig. 6(d,e) . In both cases the guiding region is located at the bottom of the structure as indicated by the arrows. The structures exhibit regions of positive (bright areas) as well as negative index change (dark areas).
The transmission of the pupil remapper chips was measured by butt-coupling single-mode fibers (SMF-28e) to the input and output. Immersion oil was used in order to prevent Fresnel reflection losses at the interfaces and to prevent FabryPerot effects between the chip and fiber end-face. The coupling losses were calculated by numerically evaluating the mode-overlap integral using the measured near-field profiles. For the low pulse energy waveguides, the coupling losses equate to 17% per side, whereas the high pulse energy waveguides result in coupling losses of 15% at each interface. Figure 7 shows the measured internal transmission values for all 8 waveguides in the low and high pulse energy remapper. As reference, also the transmission values of a typical Eagle2000 remapper are shown. The transmission values were correct for the coupling losses analogue to the AF45 chips. In general, the high pulse energy chip exhibits a better performance, with its transmission exceeding 95% for certain waveguides. However, there is stronger variation in transmission between the waveguides compared to the Eagle2000 devices. The transmission shows a strong correlation with the minimum depth of the waveguide, where shallower waveguides show a better throughput. This effect can be related to spherical aberrations. Furthermore, the AF45 waveguides were fabricated using a higher numerical aperture objective (1.4 NA) compared to Eagle2000 (1.25 NA). The low pulse energy regime is even more sensitive to spherical aberrations. This arises from the fact that the waveguide mode is strongly dependent on the pulse energy as shown in Fig.  5 . A change in pulse energy changes the net-deposited energy in the glass. Similarly, spherical aberrations influence the peak intensity of the focus and hence the net-deposited energy. 
INTERFEROMETRIC PERFORMACE OF DRAGONFLY
The design goal of the pupil-remapper is to enable the Dragonfly instrument to consistently obtain closure-phase precisions (denoted σCP) of less than 1° when input phase errors > 2π radians are applied. An example of the closurephase results of the new-generation of side-step chips (Eagle2000) is shown in Fig. 8 . Excellent closure phase stability is now recorded, with σCP = 0.22° achieved while input wavefronts are pistoned through multiples of 2π radians, in a single measurement set. Furthermore, the performance of the new-generation remappers is also far more robust and reproducible, no longer sensitive to small misalignments of the microlenses and the photonic chip. This is a key requirement, since deployment to an instrument platform on a telescope is dependent on fast alignment in hard-to-access spaces, tolerance of vibration and possibly a moving gravity vector if the instrument is mounted to the telescope itself (such as at a Cassegrain focus). To test this, the microlenses and photonic chip were deliberately misaligned, and then realigned and the closure-phase tests performed again. This cycle was repeated multiple times for each of the different chip designs. Each realignment took less than 1 minute and involved manipulating the translation of the chip and microlenses in X, Y and Z, and the roll angle (i.e. rotation about the axis parallel to the direction of propagation) of the chip. The goal in each realignment was simply to produce fringes on the detector, which have power visible in all three baselines of a triangle (indicating all three waveguides in the triangle are illuminated) and where the fringes appear parallel (eliminating any rotational misalignment).
The histogram of the test results shown in Fig. 8 show that while occasionally good performance is seen from the oldgeneration (straight-through) chip, this is not reliably reproducible and is highly sensitive to each realignment, with σCPs ranging from 0.4° to 1.5°. On the other hand, the new-generation side-step chip performs far better, with a median σCP of 0.42°. Moreover, this chip exhibited this performance consistently, with σCPs better than 0.7° in all but one measurement, and as low as 0.15°. The new-generation 90-degree design does not perform as well, with a median σCP of 0.74°. This is consistent with stray light arising from bend losses within the chip (due to its tighter bend radii than the side-step design) contaminating the measurements.
To convert these experimental results to real-world performance, a correction must be made for the fact that 2π radian phase error applied is worse than the actual phase error encountered behind an adaptive optics system, which is the intended platform for Dragonfly (use without an AO system is not feasible because the tip/tilt errors in the wavefront greatly reduce the efficiency of the coupling into the waveguides, leading to very low throughput). The phase errors applied were uniformly distributed between 0 and 2π radians, so the RMS error is 1.8 radians. On the other hand, the phase error was only applied to one of the three sub-apertures at a time, whereas in on-sky use all three sub-apertures would be subject to the error, so the resulting closure-phase error is 3 times worse.
For a standard adaptive optics system, the residual RMS wavefront error is ~250 nm, while for the new-generation extreme-AO systems this is as low as 80 nm [11] . Thus the previously measured performance metric of 0.22° (from the new-generation side-step design) translates to 0.21° for a conventional AO system and 0.07• for an extreme-AO system. This results in a contrast-ratio sensitivity limit at 1λ /D (1σ detection) of 5.3x10 −4 and 1.8x10 −4 respectively. This is well within the performance range required to directly detect young planets in star-forming regions.
CONCLUSION
Here we presented a new generation of pupil remapper chips which greatly increased the performance of the Dragonfly instrument. Firstly, closure phase precision much better than one degree was demonstrated, with ~0.2° obtainable in a single set of measurements. This scales to a negligible error in typical astronomical observing periods, at which point other error sources (imperfect PSF calibration, photon noise) become dominant. Secondly, this performance is now completely reproducible, with minimal sensitive dependence on alignment. Thirdly, waveguide throughputs are greatly improved, with average values of ~ 70% for Eagle2000 based remappers. We further fabricated remappers in Schott AF45 glass, which resulted in an increase in waveguide throughputs, reaching as high as 95%, with further work required to obtain equally high throughput across all 8 waveguides. Furthermore, due to the strong mode confinement of the AF45 waveguides, we obtain an overall decrease in bend losses.
With these fundamental problems solved, the Dragonfly instrument is now set to perform the first science observations on-sky. Furthermore, development can now be focused on the next evolutionary stages of the instrument. The use of a lithographic photonic beam combiner, instead of a free-space Fizeau type beam combiner, is being explored. New chips that extend operational reach beyond the current near-IR (~ 1.6µm) wavelengths into the mid-IR (~ 4µm), where the contrast ratio between a star and thermal emission from its planet is more favourable, are also being developed [24, 25] . Finally the creation of a new photonic back-end, which turns Dragonfly into a nulling interferometer [26] , wherein the stellar light is interferometrically nulled to remove photon-noise from the planetary signal, is also undergoing development. These technologies stand to form the early steps in the photonic reformulation of astronomical imaging.
